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Water  management  remains  a  leading  challenge  in  the  implementation  of  polymer  electrolyte  membrane 
(PEM)  fuel  cells.  At  present  there  are  many  excellent  models  for  the  distribution  of  water  within  PEM  fuel 
cells,  but  little  quantitative  data  on  the  water  distribution  that  can  be  compared  to  models.  In  this  paper 
magnetic  resonance  imaging  (MRI)  is  used  to  examine  and  quantify  the  flow  of  water  in  graphite  coated 
flow  fields  in  a  miniature  PEM  (hydrogen)  fuel  cell.  It  was  found  as  with  Teflon®  flow  fields,  that  the  water 
accumulated  in  waves  along  the  bottom  of  the  flow  field.  The  water  waves  moved  very  slowly  through 
the  flow  channels  and  seem  to  get  stuck  on  tiny  defects  in  the  flow  field.  The  water  accumulated  at  the 
defect,  until  the  wave  nearly  bridged  the  gap  between  the  cathode  and  the  bottom  of  the  flow  field.  Then 
the  water  wave  was  pushed  along  to  the  next  defect.  Surprisingly,  the  current  out  of  the  cell  was  nearly 
constant  as  waves  accumulated  and  were  swept  away,  even  though  the  flow  was  clearly  not  at  steady  state. 
These  results  show  that  small  defects  in  the  wall  of  the  flow  field  play  a  critical  role  in  water  transport  in 
the  flow  fields. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Water  management  is  still  a  major  challenge  in  polymer  elec¬ 
trolyte  membrane  (PEM)  fuel  cells.  There  are  many  excellent 
models  of  the  water  distribution  as  reviewed  by  Cheddie  and 
Monroe  [1],  Ma  et  al.  [2]  and  Wang  [3].  According  to  Ma  et  al. 
[2],  however,  the  progress  on  modeling  has  been  limited  by  a 
lack  of  quantitative  data.  Neutron  scattering  has  provided  two- 
dimensional  pictures  of  the  water  in  fuel  cells  [4-9],  but  extensions 
to  three  dimensions,  and  quantification  of  the  spacial  data  has  been 
difficult.  Magnetic  resonance  imaging  (MRI)  has  often  been  used 
to  examine  water  motion  within  a  proton  conducting  membrane 
[10-29]  and  a  few  studies  using  MRI  have  been  done  to  examine 
water  in  the  membranes  of  operating  fuel  cells  [29-35].  However, 
data  for  spatial  distributions  of  water  in  the  flow  fields  in  a  quanti¬ 
tative  way  remain  scarce. 

In  a  previous  paper  [36]  we  used  MRI  imaging  to  examine  water 
transport  in  Teflon®  flow  fields  in  a  miniature  PEM  fuel  cell.  We 
found  that  water  flow  was  not  as  expected  from  previous  models. 
The  water  did  not  form  slugs  which  are  rapidly  transported  down 
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the  flow  field.  Instead,  the  water  accumulates  in  waves  along  the 
bottom  of  the  flow  field  (i.e.  away  from  the  MEA).  The  waves  slowly 
move  through  the  flow  channel,  as  expected  for  wavy-stratified 
flow. 

In  this  paper,  we  extend  the  measurements  to  examine  water 
flow  in  graphite  coated  flow  fields.  We  find  that  waves  still  form 
as  was  described  in  our  previous  paper.  In  a  perfect  flow  field,  the 
waves  move  slowly  along  the  bottom  of  the  flow  field,  but  in  our 
actual  flow  fields  the  water  waves  appear  to  get  stuck  at  surface 
defects  in  the  flow  channel.  After  sufficient  water  build  up,  the 
waves  will  ‘slip’  further  down  the  flow  channel,  before  becoming 
stuck  again  on  a  defect  further  along  the  flow  channel.  The  results 
are  qualitatively  different  than  anything  that  has  been  observed 
previously,  but  easily  understood  theoretically. 


2.  Experimental  design 

The  experiments  were  done  in  the  miniature  MRI  compatible 
fuel  cell  described  in  our  previous  work  [36]  (see  Fig.  1 ).  The  fuel  cell 
was  comprised  of  Teflon®  flow  fields,  solid  gold  current  collectors 
and  carbon  cloth  gas  diffusion  layers  (GDLs),  Teflon®  treated  on  the 
cathode  side.  The  MEA  membrane  was  Nafion  115  (Ion  Power)  and 
both  the  anode  and  cathode  catalyst  were  40%  platinum  on  carbon 
(Tanaka).  The  catalysts  were  applied  with  the  direct  paint  technique 
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Fig.  1.  A  photograph  of  the  fuel  cell  used  in  the  study.  The  flow  fields  are  comprised 
of  Teflon®,  with  a  thin  graphite  coating  painted  onto  the  actual  flow  channels  to 
simulate  the  hydrophobicity  of  a  commercial  solid  graphite  flow  field.  The  current 
collectors  are  machined  from  thin  pieces  of  solid  gold.  The  gas  diffusion  layers  are 
carbon  cloth  (E-Tek),  Teflon®  treated  for  the  cathode  side.  The  MEA  is  composed  of  Pt 
on  carbon  from  Tanaka,  4  mg  cm-2,  on  both  the  anode  and  cathode.  The  membrane 
used  was  Nation  115  (Ion  Power). 


[37].  The  fuel  cell  was  oriented  vertically  in  the  MRI  (Fig.  2)  and  had 
a  total  active  area  of  1  cm2  on  each  electrode. 

It  is  important  to  note  the  necessity  of  constructing  the  fuel  cell 
out  of  materials  that  are  compatible  with  the  strong  magnetic  field 
present  inside  the  MRI  machine.  Ferromagnetic  materials  are  com¬ 
pletely  unsuitable  (anything  containing  iron,  nickel  or  cobalt).  Any 
material  with  high  conductivity  (graphite,  gold  and  copper)  must 
only  be  used  in  small  quantities.  This  is  due  to  induced  electrical 
eddy  currents  in  the  conductive  object,  caused  by  the  MRI  gradi¬ 
ent  magnets.  These  currents  obscure  the  signal  from  water,  and 
increase  the  noise  of  the  overall  signal. 

A  unique  feature  of  the  flow  fields  of  this  fuel  cell  was  that 
they  were  painted  with  a  graphite  layer  (Aquadag),  to  more  accu¬ 
rate  mimic  the  hydrophobicity  of  a  commercially  available  pure 
graphite  flow  field,  instead  of  the  extremely  hydrophobic  Teflon® 
material  from  which  the  flow  fields  were  machined.  Pure  graphite 
flow  fields  would  be  incompatible  with  the  strong  magnetic  field 
in  the  MRI  machine.  The  flow  channels  were  1  mm  in  width,  and 


Fig.  2.  The  assembled  MRI  compatible  fuel  cell.  The  fuel  cell  is  placed  in  a  fitted 
holder,  in  order  to  ensure  proper  alignment  inside  the  MRI.  The  gravity  vector  is 
shown,  to  indicate  fuel  cell  orientation. 


3  mm  in  depth.  The  flow  channels  were  machined  in  a  serpentine 
pattern,  as  is  visible  in  Fig.  1. 

Humidified  hydrogen  gas  was  supplied  to  the  anode  flow  field, 
at  the  rate  of  10  seem.  Humidified  oxygen  gas  was  supplied  to  the 
cathode,  also  at  10  seem.  This  resulted  in  a  linear  gas  velocity  in 
the  flow  channels  of  approximately  5.5cms_1.  Twisted  pair  wire 
was  used  to  withdraw  current  from  the  fuel  cell.  An  electronic  load 
(Agilent  6060B)  was  used  to  maintain  the  fuel  cell  at  a  constant 
current  of  500  mA  cm-2.  Voltage  was  measured  and  recorded  using 
a  digital  logging  multimeter  (Fluka  189). 

As  described  previously  [36],  water  filled  capillaries  (internal 
diameter  0.5  mm)  were  attached  to  the  fuel  cell,  in  order  to  provide 
a  calibration  standard  for  MRI  imaging  of  the  interior  of  the  fuel 
cell. 

2.1.  MRI  operation  and  data  reconstruction 

The  fuel  cell  was  placed  vertically  inside  the  imaging  scanner  as 
shown  in  Fig.  2.  The  scanner  was  an  Oxford  Instruments,  Abington, 
UK  magnet  equipped  with  a  Unity/Inova  console  (Varian,  Palo  Alto, 
CA),  operating  at  14.1  T  with  a  bore  of  an  internal  diameter  of  5  cm. 
Varian  transmitter/receiver  quadrature  RF  coil  was  used  with  an 
internal  diameter  of  3.0  cm.  T2-weighted  coronal  (along  a  vertical 
axis)  two-dimensional  sections  were  acquired  using  a  Spin-Echo 
multi  slice  pulse  sequence. 

The  images  were  acquired  slice  by  slice,  with  a  0.5  mm  gap. 
The  acquisition  time  for  each  sequence  was  4  min  and  19  s.  The 
repetition  time  was  1000  ms,  and  echo  time  10  ms.  Two  tran¬ 
sients/averages  were  taken.  The  spectral  width  was  71  kHz,  and  the 
field  of  view  was  5.0  cm  x  2.5  cm.  Each  voxel  represented  a  volume 
138  |jim  high  x  138  fxm  wide  x  200  |xm  thick.  Water  intensity  sig¬ 
nal  was  recorded  for  each  voxel.  The  data  was  stored  to  a  data  file 
that  was  analyzed  using  MATLAB  software. 

A  MATLAB  program  written  in  house  reconstructed  the  MRI  data 
to  a  bitmap  image.  Additionally,  the  program  utilized  data  gathered 
from  the  reference  capillaries  to  calibrate  the  signal  generated  from 
the  MRI  with  the  signal  generated  by  pure  water.  In  this  manner, 
the  signal  data  generated  by  the  MRI  could  be  converted  to  water 
concentration  data  [36]. 

As  a  final  step  to  aid  the  understanding  by  the  reader,  the  MRI 
data  was  superimposed  over  a  digital  image  of  the  fuel  cell  flow 
field.  This  enables  the  reader  to  clearly  envision  exactly  where  the 
water  is  located  spatial  in  the  fuel  cell.  On  many  of  these  images,  a 
cartoon  image  of  a  gas  diffusion  layer  was  added,  to  aid  in  under¬ 
standing  how  the  water  is  distributed  with  respect  to  the  fuel  cell 
and  its  constituent  components. 

3.  Results 

3.1.  Initial  water  formation 

Fig.  3  shows  a  MRI  image  of  one  of  the  low  channels  in  the  fuel 
cell  soon  after  the  fuel  cell  started  drawing  current.  To  orient  the 
reader  this  image  was  made  by  superimposing  the  MRI  image  and 
a  photograph  of  the  fuel  cell.  The  blue  dotted  line  near  the  center 
of  the  cell  overlays  the  position  of  the  Nation  membrane.  The  gray 
box  overlays  the  position  of  the  carbon  cloth.  The  line  of  blue  dots 
along  the  right  side  of  the  picture  is  the  position  of  the  bottom  of 
the  cathode  flow  field.  The  red  region  represents  a  2  mm  diame¬ 
ter  water  drop.  There  is  no  water  seen  in  the  carbon  cloth  due  to 
an  imaging  artifact:  the  carbon  paper  blocks  the  MRI  image.  After 
applying  a  load  to  the  cell,  water  begins  to  form  in  the  cathode  cat¬ 
alyst  layer.  Some  of  the  water  moves  into  the  Nation®  membrane, 
while  some  of  it  enters  the  cathode  gas  diffusion  layer,  eventually 
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Fig.  5.  An  MRI  image  (left)  of  a  nearly  filled  channel  just  before  the  fluid  wave  slips, 
and  (right)  an  image  of  the  same  channel  12  min  later.  Air  flows  from  the  top  to  the 
bottom  in  the  figure.  You  cannot  see  it  in  the  image,  but  there  is  a  gap  between  the 
water  wave  and  the  Teflon(R)  treated  gas  diffusion  layer. 


Fig.  3.  An  MRI  image  taken  soon  after  the  fuel  cell  started  drawing  current.  Humid¬ 
ified  hydrogen  at  10  seem  and  humidified  air  at  10  seem  are  supplied  to  the  anode 
and  cathode,  respectively.  The  cell  is  placed  under  a  load  of  500  mAcirr2.  To  orient 
the  reader  this  image  was  made  by  superimposing  the  MRI  image  and  a  photograph 
of  the  fuel  cell.  The  blue  dotted  line  near  the  center  of  the  cell  overlays  the  position 
of  the  Nation  membrane.  The  gray  box  overlays  the  position  of  the  carbon  cloth.  The 
line  of  blue  dots  along  the  right  side  of  the  picture  is  the  position  of  the  bottom  of 
the  flow  field.  The  red  region  is  a  small  water  drop  sitting  on  top  of  the  carbon  cloth. 
There  is  no  water  seen  in  the  carbon  cloth  due  to  an  imaging  artifact:  the  carbon 
paper  blocks  the  MRI  image.  This  figure  shows  that  initially  water  accumulates  in 
drops  on  the  cathode  flow  field.  (For  interpretation  of  the  references  to  color  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 

migrating  through  the  porous  GDL,  and  ‘breaking  through’  on  the 
GDL  surface.  Initially,  only  large  droplets  of  water  were  present, 
clinging  to  the  Teflon®  treated  GDL.  There  was  no  water  detectable 
in  the  anode  region  of  the  fuel  cell. 

3.2.  Approach  to  steady  state 

After  about  15  min  of  operation,  running  at  500  mA  cm-2  with 
humidified  gas  streams,  the  situation  changes  entirely.  Large  water 
drops  are  no  longer  seen  on  the  GDL.  Instead,  there  are  tiny  water 


drops  on  the  top  of  the  carbon  paper  and  large  water  waves  sitting 
along  the  bottom  of  the  flow  fields  as  illustrated  in  Fig.  4.  Initially, 
the  waves  slowly  move  down  the  flow  channel,  but  after  a  few  min¬ 
utes  the  waves  seem  to  get  stuck.  Afterward  the  waves  continue  to 
grow  by  accumulation  of  water,  but  the  waves  are  largely  stationary 
within  the  flow  field. 

During  the  rest  of  the  measurements  the  MRI  images  look  the 
same.  We  occasionally  could  observe  evidence  for  slow  movement 
of  a  water  wave,  but  many  of  the  waves  got  stuck  at  various  places 
in  the  flow  field. 

Interestingly,  higher  resolution  images  reveal  that  there  is 
always  a  gap  between  the  water  wave  and  the  GDL.  Air  flows 
through  the  gap  so  we  can  maintain  a  high  air  flow  rate  even  though 
the  water  wave  is  stationary. 

Chronoamperometry  reveals  that  the  current  is  nearly  con¬ 
stant  as  water  accumulates  even  though  the  flow  channel  is  nearly 
flooded.  Thus,  even  though  the  water  accumulation  has  almost 
filled  the  flow  channels,  the  water  has  no  affect  on  the  fuel  cell 
performance.  However,  in  a  fuel  cell  operated  under  ‘real  world’ 
temperature  conditions,  it  would  affect  the  freeze  resistance. 


Fig.  4.  A  picture  of  some  of  the  waves  that  form  in  the  flow  channels.  Humidified  hydrogen  at  10  seem  and  humidified  air  at  10  seem  are  supplied  to  the  anode  and  cathode, 
respectively.  Notice  that  in  each  case  the  wave  sits  along  the  bottom  of  the  flow  channel.  It  is  not  obvious  from  the  picture,  but  higher  resolution  images  show  that  the  water 
wave  does  not  touch  the  membrane.  Instead  a  small  gap  remains  between  the  GDL  and  the  water,  allowing  air  to  blow  around  the  water  wave. 
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Fig.  6.  A  diagram  of  the  forces  on  the  water  wave  just  before  it  slips.  The  moving 
air  creates  a  shape  (drag)  force  pushing  along  the  front  surface,  and  a  viscous  drag 
force  because  of  the  air  blowing  across  the  top  surface.  Friction  from  the  bottom  wall 
slows  the  motion  down.  There  is  also  a  lift  force  near  the  front  edge  that  produces 
the  Jeffries  waves. 

3.3.  Water  accumulation  and  method  of  movement 

Of  course,  the  water  has  to  be  eventually  transported  out  of 
the  cell,  or  else  the  reaction  on  the  cathode  will  stop.  Figs.  5-7 
illustrate  the  mechanism  of  water  motion.  The  image  on  the  left 
of  Fig.  5  shows  a  channel  that  is  nearly  completely  filled.  There 
is  still  a  gap  along  the  top  of  the  flow  channel,  but  the  shape 
of  the  wave  is  different  than  in  the  earlier  pictures.  First  we  can 
observe  what  appear  to  be  small  Jeffries  waves  (i.e.  nearly  periodic 
waves  like  those  in  the  ocean)  on  the  top  of  the  larger  wave.  Then 
there  is  significant  curvature  on  the  upper  and  lower  surfaces  of 


Fig.  7.  A  top  view  of  the  cathode  flow  field  illustrating  the  position  of  the  water 
waves.  The  arrows  indicate  the  direction  of  gas  flow.  The  waves  are  stationary  most 
of  the  time  but  periodically,  a  wave  will  ‘slip’  from  one  location  in  the  flow  channel 
to  another.  The  blue  trail  in  the  60  min  scan  is  associated  with  a  wave  that  slipped. 
One  can  estimate  the  slip  velocity  from  the  length  and  color  of  the  tail.  From  this 
we  estimate  a  slip  velocity  of  in  the  order  of  0.04  cm  s-1  compared  to  an  air  velocity 
of  5.5  cms-1.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  the  article.) 


the  water  wave.  Notice  that  something  is  pushing  the  water  wave 
forward. 

Fig.  6  illustrates  the  forces  on  the  water  wave  in  Fig.  5.  The 
air  exerts  two  different  forces  on  the  wave,  a  shape  (drag)  force 
that  pushes  the  wave  along,  and  a  viscous  drag  force  along  the  top 
surface  of  the  wave.  The  two  forces  push  the  wave  forward.  The 
combination  of  the  shape  force  and  the  viscous  force  on  the  top 
surface  of  the  water  wave  causes  the  free  surface  of  the  water  wave 
to  move  in  the  direction  of  the  air  flow. 

Note  also,  that  if  there  was  no  free  surface,  one  would  not  see 
this  effect.  Instead,  the  wave  would  assume  a  parabolic  shape  due 
to  the  no  slip  condition  on  the  surface  touching  the  GDL. 

The  water  wave  was  essentially  stable  when  we  were  taking  the 
left  image  in  Fig.  5  but,  the  water  wave  started  to  move  soon  after 
we  took  the  image  in  Fig.  5.  We  did  not  take  intermediate  images, 
but  after  we  finished,  we  found  that  when  the  next  image  was  taken 
12  min  later,  the  water  wave  disappeared  from  the  flow  channel. 

Fig.  7  shows  some  top  images  during  fuel  cell  operation.  If  we 
start  with  the  image  taken  starting  30  min  after  the  fuel  cell  began 
operation,  we  see  water  in  a  few  of  the  channels,  and  no  obvious 
fluid  motion.  This  image  makes  it  seem  as  though  the  flow  channel 
is  filled,  but  images  taken  perpendicular  to  the  flow  direction  show 
that  there  is  actually  a  gap  between  the  top  of  the  water  wave  and 
the  GDL.  At  60  min,  the  picture  looks  somewhat  different.  In  addi¬ 
tion  to  the  water  filled  channels,  there  are  light  blue  regions,  where 
the  channel  is  not  filled. 

The  light  blue  regions  are  indicative  of  water  motion.  The  scans 
in  Fig.  7  were  taken  slowly  so  we  could  get  high  enough  resolution  to 
image  the  gaps  between  the  water  wave  and  the  GDL  and  the  Jeffries 
waves  above  the  larger  water  wave.  The  image,  then,  is  a  259  s  aver¬ 
age  of  the  water  position.  If  the  water  is  stationary,  it  would  appear 
as  a  red  section  in  the  image,  but  if  the  water  is  moving,  the  water 
is  only  in  the  image  for  part  of  the  time,  so  the  water  appears  blue. 

One  can  get  an  idea  of  the  water  velocity  from  the  color.  The 
blue  color  corresponds  to  the  water  being  in  the  image  about  10% 
of  the  time.  If  we  assume  that  the  water  wave  was  in  the  image  for 
10%  of  the  259  s,  and  traveled  about  1  cm  during  that  time,  then  the 
average  water  velocity  comes  out  to  be  1  cm/25.9 s  =  0.04 cms-1. 
This  compares  to  an  average  air  velocity  of  5.5  cms-1.  Of  course, 
from  a  single  observation  one  cannot  tell  if  the  wave  was  moving 
slowly,  or  was  quickly  transported  out  of  the  flow  channel  after 
10%  of  the  time  elapsed.  Flowever,  we  have  many  observations  and 
always  observe  the  same  light  blue  color  whenever  a  water  wave 
exhibits  movement  inside  the  flow  field.  Therefore  we  conclude 
that  when  the  water  wave  moves,  its  velocity  is  much  slower  than 
the  velocity  of  the  air. 

The  implication  of  Figs.5  and  7  is  that  the  water  motion  follows 
a  ‘slip  and  stick’  mode  of  transport.  The  water  waves  are  stationary 
most  of  the  time,  but  every  so  often  one  of  the  water  waves  gets 
unstuck.  The  wave  then  moves  down  the  channel  until  it  gets  stuck 
again. 

3.4.  Location  of  standing  waves  and  flow  field  defects 

Fig.  7  also  shows  another  interesting  phenomenon.  Notice  that 
the  water  waves  seem  to  always  get  stuck  at  the  same  locations. 
After  approximately  30  min  of  operation,  there  were  multiple  loca¬ 
tion  in  the  flow  channels  were  water  waves  were  present.  It  seemed 
odd  that  despite  taking  images  many  minutes  apart,  the  waves 
always  seemed  to  appear  in  approximately  the  same  locations.  It 
was  theorized  that  perhaps  the  waves  were  becoming  ‘stuck’  in 
the  flow  channels  at  certain  points,  perhaps  due  to  defects  or  non¬ 
uniformities  in  the  surface  of  the  flow  channel. 

We  tried  carefully  examining  the  flow  channel  to  see  if  we  could 
find  defects  that  would  account  for  the  sticking.  We  could  not  see 
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Fig.  8.  A  high  contrast  picture  of  the  flow  fields.  Notice  that  there  are  visible  defects  at  the  places  where  the  water  gets  stuck. 


any  defects  with  our  naked  eyes,  but  when  we  took  photographs 
of  the  flow  channels,  and  increased  the  contrast  we  were  able  to 
see  defects  that  could  account  for  the  sticking  process.  Fig.  8  shows 
a  high  contrast  image  of  the  flow  channel  and  there  are  certainly 
non-uniformities  present  in  the  graphite  coating  of  the  flow  chan¬ 
nels.  Three  of  these  defects  and  the  location  of  ‘stuck’  water  waves 
are  shown.  Clearly,  the  slip  and  stick  phenomenon  we  observe 
could  be  explained  by  these  defects  although,  that  is  not  completely 
clear. 

3.5.  Electroosmosis  vs.  diffusion 

A  final  observation  was  made  regarding  the  effect  of  current 
density  on  water  distribution  in  the  anode  flow  fields.  Although 
water  is  generated  at  the  cathode,  it  is  possible  for  water  to  enter  the 
anode  flow  field  by  passing  through  the  water  permeable  Nation® 
membrane.  There  are  two  driving  forces  for  this  movement  of  water 
across  the  membrane.  There  is  a  water  concentration  gradient  from 
the  high  water  content  cathode  to  the  low  water  content  anode. 
This  induces  a  diffusive  force.  The  second  force  is  a  hydrophobic 
backpressure  force  exerted  by  the  Teflon®  treated  carbon  cloth  GDL, 
which  is  sandwiched  on  top  of  the  cathode  catalyst  layer. 

There  is  also  an  electroosmotic  force  working  in  opposition  to 
both  diffusion  and  the  hydrophobic  back  pressure.  The  electroos¬ 
motic  force  is  cause  by  the  diffusion  of  protons  from  the  anode 
catalyst  to  the  cathode  catalyst.  These  protons  ‘drag’  water  with 
them  during  the  migration,  potentially  dehydrating  the  anode. 

When  running  at  high  currents,  there  was  no  water  detectable 
in  the  anode  flow  field.  Conversely,  at  low  currents,  there  was  water 
visible  in  the  anode  flow  field,  correlating  to  a  location  directly 
across  the  membrane  from  the  area  of  highest  water  concentra¬ 
tion  on  the  cathode.  Thus  it  appears  that  at  200  mA  cm-2,  the  rate 
of  diffusion  of  water  back  through  the  membrane  is  larger  than 
the  rate  of  water  transport  due  to  electroosmotic  drag,  while  the 
opposite  occurs  at  500  mA  cm-2  or  higher. 

4.  Discussion 

Many  of  the  experimental  results  were  as  expected,  but  there 
were  also  some  surprises.  The  key  surprise  here  was  the  ‘stick 
and  slip’  mode  of  fluid  transport.  Most  previous  investigators  had 
assumed  that  the  water  is  moving  in  slugs  down  the  flow  chan¬ 


nel.  The  two-phase  flow  literature  indicates  that  one  usually  does 
not  observe  slug  flow  unless  the  volumetric  flow  rate  of  the  liquid 
water  is  comparable  to  the  volumetric  flow  rate  of  the  air  [38-40] 
which  is  not  the  case  in  a  fuel  cell.  Still,  slug  flow  has  been  widely 
assumed. 

We  have  never  observed  slug  flow.  In  slug  flow,  the  water  should 
move  at  the  same  velocity  as  the  gas.  We  have  never  seen  any  evi¬ 
dence  of  fast  moving  water.  Instead,  the  water  generated  at  the 
cathode  transports  deep  into  the  cathode  flow  fields,  where  it  accu¬ 
mulates  and  only  moves  slowly  through  the  flow  field.  We  estimate 
a  water  velocity  of  in  the  order  of  0.04  cm  s-1  compared  to  an  air 
velocity  of  5.5  cm  s-1.  Clearly,  the  water  is  not  moving  at  the  air 
velocity  so  we  do  not  have  slug  flow. 

The  closest  analogy  from  the  two-phase  flow  literature  is  wavy- 
stratified  flow  as  was  discussed  in  our  previous  paper  [36].  In  wavy- 
stratified  flow,  water  waves  like  those  in  Figs.  4-7  move  slowly 
down  the  flow  channel  [38-40].  We  do  not  observe  classical  wavy- 
stratified  flow  in  that  the  waves  do  not  move  continuously  down 
the  flow  channel.  Still  the  flow  is  analogous  to  wavy-stratified  flow. 

It  is  interesting  to  speculate  why  we  see  wavy  flow,  not  slug 
flow.  We  believe  that  one  key  reason  is  that  the  Teflon  treated 
GDL  is  much  more  hydrophobic  than  the  graphite  flow  channels. 
If  the  all  of  the  sides  of  the  flow  channel  were  equally  wetting,  one 
would  expect  to  observe  water  on  all  sides  on  the  flow  channel.  That 
would  produce  what  is  called  annular  flow  at  the  flow  rates  of  inter¬ 
est  in  fuel  cells  [38-40].  However,  in  a  fuel  cell  the  GDL  surface  is 
more  hydrophobic  than  the  graphite  flow  channel.  The  hydropho¬ 
bic  forces  will  push  the  water  away  from  the  hydrophobic  surface 
producing  wavy  flow. 

Once  the  wave  forms  on  the  bottom  of  the  flow  channel,  it  is 
pushed  along  via  the  viscous  and  shape  forces  produced  by  the  air 
moving  along  the  free  surfaces  of  the  wave  (see  Fig.  6).  However, 
unlike  in  slug  flow,  the  water  does  not  move  at  the  air  velocity.  In 
slug  flow,  the  water  goes  all  the  way  across  the  flow  channel.  In 
such  a  case,  the  only  way  for  air  to  move  is  to  push  water  along  at 
the  same  velocity.  However,  in  a  fuel  cell  there  is  a  gap  between  the 
water  wave  and  the  GDL  as  seen  in  Figs.  5  and  6.  The  air  can  flow 
through  the  gap,  so  the  water  velocity  can  be  different  than  the  air 
velocity. 

In  fact  the  water  velocity  is  usually  much  lower  than  the  air 
velocity  in  wavy-stratified  flow.  The  viscous  and  shape  forces  from 
the  moving  air  shown  in  Fig.  6  move  the  water  wave  along,  but 
friction  due  to  circulation  of  the  fluid  slows  the  water  down.  The 
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frictional  forces  on  the  water  are  much  larger  than  the  frictional 
forces  on  the  air  since  water  is  much  denser  and  more  viscous  than 
air.  Consequently,  the  water  waves  move  much  more  slowly  than 
air. 

Now  consider  what  happens  when  the  water  wave  hits  a  defect. 
The  defect  could  be  a  small  protrusion  from  the  wall,  a  dust  parti¬ 
cle,  or  even  a  region  of  the  wall  that  is  especially  hydrophobic  or 
hydrophilic.  In  each  case  the  wall  defect  will  exert  an  extra  force 
on  the  moving  water  wave.  If  the  extra  force  is  large  enough,  the 
wave  will  get  stuck.  Then  the  wave  will  need  a  larger  force  to  get 
unstuck. 

Water  then  accumulates  in  the  stationary  wave,  as  shown  in 
Fig.  4  and  the  channel  begins  to  fill  up.  The  air  velocity  in  the  gap 
between  the  top  of  the  water  wave  increases  as  the  gap  shrinks, 
which  increases  the  viscous  and  shape  forces.  Eventually,  the  vis¬ 
cous  and  shape  forces  are  large  enough  to  push  the  water  along. 

In  our  experiments,  we  have  never  seen  the  flow  channel  fill¬ 
ing  entirely  but  channel  filling  could  occur  if  the  defect  were  large 
enough  leading  to  an  intermittent  slug  like  flow. 

The  observation  of  slip  and  stick  flow  have  some  important 
implications  to  water  management.  First,  stagnant  water  in  the  fuel 
cell  would  be  unavailable  in  any  system  that  sought  to  exploit  water 
generated  at  the  cathode  to  humidify  other  areas  of  the  fuel  cell. 
Second,  water  that  has  become  stuck  in  the  flow  channel  repre¬ 
sents  a  danger  to  fuel  cell  operation  in  cold  climates,  as  these  are 
the  locations  most  likely  to  freeze,  and  cause  damage  to  the  fuel 
cell.  Third,  the  removal  of  water  from  the  GDL  surface  happens  due 
to  lift  forces,  instead  of  being  swept  off  the  GDL  surface  by  a  pass¬ 
ing  slug,  as  predicted  in  slug  flow.  This  correct  mechanism  of  water 
removal  must  be  accounted  for  in  fuel  cell  modeling,  if  accurate 
models  are  to  be  attained.  Another  implication  is  the  possibility  of 
dead-zones,  areas  in  the  flow  field  channel  with  low  velocity  gas 
flow. 

Of  course,  one  does  need  to  consider  whether  our  results  are 
artifacts  of  our  experimental  procedures.  Our  cell  has  especially 
deep  flow  channels  which  gives  extra  room  for  water  to  accumu¬ 
late,  as  seen  in  neutron  scattering  experiments  [7].  We  also  have 
graphite  painted  Teflon  flow  channels,  rather  than  solid  graphite. 
Still,  the  forces  in  our  flow  channel  are  the  same  as  in  the  flow  fields 
of  a  commercial  cell.  Therefore,  it  is  likely  that  a  similar  mechanism 
of  water  transport  will  be  seen. 

Lastly,  it  is  interesting  to  note,  the  initial  transport  of  water 
through  the  porous  cathode  GDL  was  in  agreement  with  the  pro¬ 
posed  mechanism  for  water  transport  through  this  hydrophobic 
medium  [41].  The  current  mechanism  states  that  water  gener¬ 
ated  at  the  cathode  slowly  works  its  way  into  the  hydrophobic 
pores  of  the  cathode  GDL  via  capillary  action.  The  water  works 
its  way  through  the  pores,  until  one  ‘branch’  of  water  in  one  of 
the  pores  reaches  the  surface.  Once  an  open  pathway  to  the  sur¬ 
face  of  the  GDL  is  reached,  it  becomes  the  lowest  energy  pathway 
for  the  water  pressure  underneath  the  GDL  to  relieve  itself  and  all 
water  underneath  the  GDL  follows  this  one  pore  to  the  surface. 
Therefore,  one  would  expect  large  droplets  to  form  on  the  GDL  sur¬ 
face,  instead  of  a  uniform  film.  Our  findings  appear  to  support  this 
theory. 

A  final  observation  was  that  electroosmosis  appears  to  be  the 
dominant  mode  of  water  transport  through  the  Nation®  membrane, 
when  the  cell  is  run  at  500  mA cm-2.  Diffusion  and  hydrophobic 
backpressure  appear  to  dominate  at  200  mAcrrr2.  Clearly,  there  is 
a  ‘tipping  point’  where  water  will  no  longer  be  transported  to  the 
anode,  which  might  lead  to  anode  dehydration  and  additional  over¬ 
potential  due  to  increased  membrane  resistance  due  to  reduced 
proton  conductivity.  Care  will  need  to  be  taken  to  optimizing  the 
fuel  cell  to  insure  adequate  anode  hydration  while  operating  at  high 
currents  densities. 


5.  Conclusions 

MRI  was  used  to  find  the  three-dimensional  quantitative  water 
distributions  inside  an  operating  fuel  cell.  Water  generated  at  the 
cathode  through  the  oxygen  reduction  reaction  was  found  to  first 
transport  through  the  GDL  and  form  a  large  drop  on  the  GDL  surface. 
Over  time,  the  drops  detached  into  the  cathode  flow  field,  where 
they  assumed  a  wave-stratified  pattern,  not  slug  flow.  The  waves 
were  mostly  stationary,  appearing  to  become  ‘stuck’  on  defects  in 
the  cathode  flow  field  graphite  coating.  Although  the  waves  were 
stationary  most  of  the  time,  they  would  occasionally  ‘slip’,  and 
move  down  the  flow  field  channel,  always  in  the  direction  of  gas 
flow,  until  becoming  ‘stuck’  on  another  defect,  or  being  exhausted 
from  the  cell  entirely.  Additionally,  the  electroosmotic  forces  came 
to  dominate  diffusional  and  hydrophobic  backpressure  forces  as 
current  density  increases. 
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